Background: A vertical incision is recommended for cricothyroidotomy when the anatomy is impalpable, but no evidence-based guideline exists regarding optimum site or length. The Difficult Airway Society guidelines, which are based on expert opinion, recommend an 80e100 mm vertical caudad to cephalad incision in the extended neck position. However, the guidelines do not advise the incision commencement point. We sought to determine the minimum incision length and commencement point above the suprasternal notch required to ensure that the cricothyroid membrane would be accessible within its margins. Methods: We measured using ultrasound, in 80 subjects (40 males and 40 females) without airway pathology, the distance between the suprasternal notch and the cricothyroid membrane, in the neutral and extended neck positions. We assessed the inclusion of the cricothyroid membrane within theoretical incisions of 0e100 mm in length made at 10 mm intervals above the suprasternal notch. Results: In the 80 subjects, the distance ranged from 27 to 105 mm. Movement of the cricothyroid membrane on transition from the neutral to extended neck position varied from 15 mm caudad to 27 mm cephalad. The minimum incision required in the extended position was 70 mm in males and 80 mm in females, commencing 30 mm above the suprasternal notch. Conclusions: An 80 mm incision commencing 30 mm above the suprasternal notch would include all cricothyroid membrane locations in the extended position in patients without airway pathology, which is in keeping with the Difficult Airway Society guidelines recommended incision length.
Editor's key points
For emergency cricothyroidotomy, a vertical incision is recommended, but the minimum incision length and commencement point above the suprasternal notch are not known. The distance between the suprasternal notch and the cricothyroid membrane was measured using ultrasound to determine a theoretical optimal incision position and length. An 80 mm incision commencing 30 mm above the suprasternal notch would include all cricothyroid membrane locations in the extended position.
The cricothyroid membrane is the recommended anatomical site for the performance of emergency front-of-neck access (eFONA) in the adult in the hands of all healthcare providers involved in airway management. This procedure is performed in order to provide emergency oxygenation in the event of a 'cannot intubate, cannot oxygenate' scenario. It is a potential life-saving procedure, which may prevent death or permanent neurological injury secondary to hypoxia. It is a core skill for all anaesthetists, but is rarely required in clinical practice. In the largest study of its kind, the Fourth National Audit Project (NAP4) in the UK found a high failure rate when anaesthetists attempted eFONA especially using needle techniques. 1 Malplacement of an airway device or an inaccurate incision can lead to serious complications, including damage to surrounding anatomical structures, airway injury, procedure failure, hypoxia, and death. 2e4 The success of the procedure, as advocated previously, relied on the accurate identification of the cricothyroid membrane, which may not always be successful especially in female and obese patients. 5e10 After the publication of the NAP4 report and similar data from observational studies, the Difficult Airway Society (DAS) made a consensus-based recommendation that a vertical midline incision, 80e100 mm in length, be performed for access to the cricothyroid membrane when the anatomy is impalpable.
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Notably, the DAS guidelines do not make any specific recommendations in relation to the commencement point for the incision.
The primary aim of this study was to determine the minimum incision length and optimal commencement point, the suprasternal notch as a reference landmark, required for eFONA in the extended neck position when unable to identify the cricothyroid membrane by palpation.
Methods
This was a prospective observational study conducted across two university-affiliated teaching hospitals (Rotunda Hospital Dublin and Mayo University Hospital). Approval was sought and granted by the relevant research and ethics committees (REC-2013-004/6). Subjects included both healthy awake volunteers and awake patients before undergoing elective general anaesthesia. A written informed consent was obtained before inclusion in the study. The exclusion criteria were a history of previous neck surgery or radiation, those unable to extend their neck actively, and patients undergoing emergency surgical procedures. Baseline patient characteristic data, including age, weight, height, and BMI, were collected for all subjects (Table 1 ).
All subjects were assessed in the supine position using one pillow, with the assessment of the neck being performed in both the neutral and extended positions. The first assessment took place with the neck placed in the neutral position, whereby the subjects positioned themselves so that they were staring at a fixed point above them with their eyes in a neutral gaze position. The second assessment took place in the extended neck position. In this position, the subjects extended their neck maximally whilst remaining comfortable. The investigators collected data after receiving standardised airway ultrasound training in the Rotunda Hospital. Once the subject was positioned, a transparent skin dressing (Tegaderm™, 3M Germany) was applied over the anterior aspect of the subject's neck. The cricothyroid membrane was located with ultrasound, as described previously using a SonoSite S-Nerve™, Bothell, WA, USA ultrasound machine with a linear high-frequency probe (38x 13-6 MHz). 5, 12 The position of the cricothyroid membrane was initially assessed with the ultrasound probe oriented transversely (thyroid cartilageeairlineecricoid cartilageeairline), which was then confirmed by moving the ultrasound probe through 90 degrees to produce a sagittal image ('string of pearls' technique). 12 The upper and lower borders of the cricothyroid membrane were identified ultrasonographically. Whilst the sagittal image was displayed, a blunt capped needle (18G Tuohy needle, Portex ® ; Smiths Medical, Minneapolis, Minnesota, United States) was passed under the ultrasound probe to cast an acoustic shadow at the midpoint of the cricothyroid membrane. 13 Once the blunt needle was correctly positioned, the ultrasound probe was removed and a mark was placed on the overlying dressing using a surgical skin marker at the level of the midpoint of the cricothyroid membrane. The suprasternal notch was then identified by palpation between the two heads of the sternocleidomastoid muscles. The distance from the suprasternal notch to the midpoint of the cricothyroid membrane was measured using a surgical measuring tape. We collected data for the location of the cricothyroid membrane in both the neutral and extended neck positions for all subjects (Fig. 1) . Once data collection was completed, we assessed the hypothetical 'capture' of the cricothyroid membrane within theoretical incisions of 0e100 mm in length made at 10 mm intervals above the suprasternal notch in a caudad-tocephalad direction. We applied this strategy to both subject groups in both the neutral and extended neck positions.
Statistical analysis
We based our projected sample size on the estimated mathematical probability of cricothyroid membrane 'capture' of the longest DAS incision (100 mm) randomly placed in a long neck (sternomental distance: 166 mm) compared with a short neck (sternomental distance: 100 mm). These neck measurements were the extremes of sternomental distance we had observed in other related studies. 14, 15 These yielded probabilities of 100/ 166 (60%) and 100/100 (100%), respectively, yielding an estimated sample size of 40. As we anticipated differences in neck measurements between males and females, we recruited 40 subjects of each sex. Data were analysed using SigmaStat (version 3.5; Jandel Corporation, San Rafael, CA, USA). Categorical data are presented as numbers and percentages. Continuous data are presented as mean [standard deviation (SD)]. Associations were determined by correlation analyses.
Results
There were 80 subjects included in this study: 40 males and 40 females (Table 1 ). In total, 160 assessments were performed across both subject groups. In males, the mean distance from the suprasternal notch to the cricothyroid membrane was 65 mm (SD: 12.9; range: 35e99 mm) in the neutral position and 71 mm (SD: 15.5; range: 40e99 mm) in the extended position. In females, the mean distance was 58 mm (SD: 15.7; range: 27e90 mm) in the neutral position and 66 mm (SD: 15.0; range: 39e105 mm) in the extended position.
In 40 males, the cricothyroid membrane moved in a cephalad direction in 32 subjects and caudad in seven subjects on transition from a neutral to extended neck position, and remained in the same position in one subject. The mean distance moved was 7 mm (SD: 9.4; range: e12 to þ27 mm). In 40 females, the cricothyroid membrane moved in a cephalad direction in 37 subjects, caudad in one subject, and remained in the same position in two subjects. The mean distance moved was 8 mm (SD: 6.0; range: e15 to þ17 mm). There was modest positive correlation between cricothyroid membrane distance from the suprasternal notch and subject height (r¼0.5 and r¼0.5), and negative correlation with BMI (e0.4 and e0.4) in the neutral and extended neck positions, respectively. After applying theoretical incisions in order to 'capture' the cricothyroid membrane, the minimum incision required for 100% inclusion [95% confidence interval (CI): 91e100%] for males was found to be 70 mm commencing 30 mm above the suprasternal notch in the neutral position and 60 mm commencing 40 mm above the suprasternal notch in the extended neck position (Table 2 ). In females, the incision required for 100% capture (95% CI: 91e100%) was a 70 mm incision commencing 20 mm above the suprasternal notch in the neutral position and 80 mm commencing 30 mm above the suprasternal notch in the extended position (Table 3 ).
An 80 mm incision commencing 30 mm above the suprasternal notch would be required for the universal 'capture' of all subjects, regardless of sex, in the extended neck position (Table 4 ). For the neutral position, an 80 mm incision commencing 20 mm above the suprasternal notch would achieve universal 'capture' of the cricothyroid membrane in both males and females (Table 5 ). After analysis of both males and females, it was determined that, regardless of subject sex or position (160 assessments), the minimum incision required for inclusion of all locations of the cricothyroid membrane (both sexes, neutral and extended) was a 90 mm incision commencing 20 mm above the suprasternal notch.
Discussion
We have shown that there is wide variation in the position of the cricothyroid membrane relative to the suprasternal notch in both males and females, ranging from 39 to 105 mm above the suprasternal notch in the extended neck position, and from 27 to 95 mm above the suprasternal notch in the neutral neck position. This distance varies considerably and unpredictably with neck extension, with the cricothyroid membrane moving either caudad or cephalad by a maximum of 15 and 27 mm, respectively. Based on these observations, the simplest and most practical 'one fits all' incision (male and female, neutral and extended) that would have theoretically encompassed the cricothyroid membrane within its margins is a 90 mm incision with a start point 20 mm above the suprasternal notch.
Overall, the distance from the suprasternal notch to the cricothyroid membrane varied by 78 mm. In our attempt to identify the optimum incision commencement point, we used the strategy of theoretical incisions commencing at 10 mm intervals above the suprasternal notch. Given the procedure would likely be more easily performed in the extended neck position, we would recommend an 80 mm incision commencing 30 mm above the suprasternal notch and extending in a cephalad direction. This is in keeping with the current DAS guidelines and also a study that looked at optimal cricothyroidotomy incision lengths in females based on clinician accuracy by digital palpation. 16 The DAS guidelines for eFONA have generated considerable academic debate, as it has been shown previously that anaesthetists are likely to be reluctant in performing an 80e100 mm incision. 17 Psychological barriers can lead to delay in eFONA being performed or to not being performed at all. 18 A more recent study by Pairaudeau and colleagues 19 demonstrated that anaesthetists with limited experience in eFONA could perform the techniques recommended by the DAS guidelines in a timely manner and to a high level of competence after a structured training programme. Reluctance may stem from a scalpel technique being the sole recommended approach, the intimidation of using a scalpel itself, or the potential associated bleeding and trauma. 20 We therefore felt that it was important to investigate the appropriateness of the suggested incision length. By identifying a point from which to commence an incision, it may provide the anaesthetist with reassurance when undertaking the procedure, potentially decrease time to incision, and reduce failure rates. The mobility of the cricothyroid membrane relative to the suprasternal notch is of clinical importance in relation to optimum incision length. We demonstrated a large variability in the location in both the neutral and extended neck positions. One reason for this may be because of the large variability in sternomental distance depending on sex, age, height, and BMI. One study with 610 Indian subjects found that the mean sternomental distances for all subjects were 95 and 154 mm for the neutral and extended neck positions, respectively. 21 Al Ramadhani and colleagues 15 also studied sternomental distance in 523 parturients and found a mean sternomental distance of 143 mm (range: 90e200 mm). Of note, 17 of 523 patients had a sternomental distance of <110 mm. Therefore, if one was to perform a vertical 80 mm incision from a point 30 mm above the suprasternal notch, the incision would extend beyond the mentum in a small proportion of patients. This point highlights that, whilst difficult airway guidelines are of clinical importance, clinicians must also use their clinical judgement in the performance of eFONA. Our finding that the cricothyroid membrane moved variably (both caudad and cephalad) during neck extension was unanticipated. Neck extension was expected to elevate the cricothyroid membrane; however, the movement in our study was not consistent, which may be explained by the movement of the larynx with respiration and swallowing. 22 Rapid movement of the cricothyroid membrane, both cephalad and caudad, has been described by one clinician performing eFONA in a spontaneously breathing patient with severe upper airway obstruction, and is of direct clinical relevance (Murphy C, personal communication, 2018). Our study has a number of limitations. First, our study was not randomised, and did not include subjects with neck pathology, with previous neck surgery or radiation, or who were not able to extend their neck. Second, we infer that, if a cricothyroidotomy were attempted with a shorter-thanoptimum incision, it would fail. In reality, a clinician could extend the incision to locate the cricothyroid membrane. Third, an optimum length incision would not locate the cricothyroid membrane if it is not made in the midline or over the trachea if displaced. 23 Fourth, failure may occur as a result of equipment misuse or malfunction, and therefore, failure in airway access, as emphasised by Cook and colleagues 1 and
Duggan and colleagues. 24 Fifth, only 15% of the subjects included in our study were obese (BMI >30); therefore, further investigation may be required in this patient group. Lastly, as highlighted in the discussion, in patients with a short sternomental distance, it may not be possible to perform an 80e100 mm vertical incision, as recommended by the DAS guidelines, and therefore, one must use clinical judgement when performing eFONA. In conclusion, our study demonstrated that the location of the cricothyroid membrane is variable in the neutral and extended neck positions. Based on these observations, the simplest and most practical 'one fits all' incision that would have theoretically encompassed the cricothyroid membrane within its margins is a 90 mm incision with a commencement point 20 mm above the suprasternal notch, regardless of subject sex or neck position. However, in keeping with the DAS guidelines regarding procedure performance in the extended neck position, the minimum incision required to include every subject's cricothyroid membrane in our study would be 80 mm commencing 30 mm above the suprasternal notch.
